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We review a nonlocal-condensate approach and its application in QCD sum rules for the spacelike electromag- 
netic pion form factor. It is shown that the nonlocality of the condensates is a key point to include nonperturbative 
contributions to the pion form factor. 
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The spacelike electromagnetic pion form factor 
(FF) describes the scattering of charged particles 
off the pion by exchanging a photon. It is defined 
by the following matrix element: 

(^+(P')|JM(0)k+(P)) = (P + F')^F.(Q2), 

where J is the electromagnetic current and q is 
the photon momentum = {P'—PY — —Q^ < 
in the spacelike region. For asymptotically large 
momenta, one can apply the factorization theo- 
rem so that the FF will be represented via the 
inverse moment of the leading-twist pion distri- 
bution amphtude (DA). The precise value of 
at which this perturbative term starts to prevail 
cannot be determined accurately. The estimates 
for the crossover momentum scale range from 
100 GeV2 [TT2I3] down to values around 20 GeV^ 
[4|5j . But even this latter relatively small momen- 
tum is hopelessly far away from the capabilities 
of any operating or planned accelerator facility. 



(SR)s. To extract information about the pion 
form factor in the QCD SR approach, one needs 
to investigate the Axial- Axial- Vector (AAV) cor- 
relator of three currents: 
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where J''(x) = euu{x)^^^u{x) + edd{x)^^d{x) is 
the electromagnetic current current and Jza(x) = 
c?(a;)757ctu(x) is the axial- vector current. For sim- 
plicity, let us describe how this method works us- 
ing as an example the two-point correlator 

n(Q2) ^ /d4^e"'^(0|r[J(a;)J(0)]|0). 



There are two ways to calculate this correlator. 
The first one is based on the dispersion relation 
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1. QCD sum rules approach 

At intermediate momentum transfers factoriza- 
tion fails; therefore one needs to apply nonper- 
turbative approaches. One of these methods was 
suggested in 1979 by Shifman, Vainshtein, and 
Zakharov and was called QCD Sum Rules 
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where physical observables (masses vrih and decay 
constants fh) can be introduced in the calculation 
by a model spectral density as the sum of the 
first resonance contribution plus the contribution 
of the continuum beginning at the threshold sq: 

/3had(s) = (5 (s - 7n\) + Ppcrt(s) 6* (s - Sq) . 

Higher states are taken into account by the per- 
turbative spectral density Pport(s) on account of 
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the quark-hadron duality. The second approach 
employs the operator product expansion (OPE): 
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Vacuum expectation values (On) El of the normal 
product of quark and gluon fields are not vanish- 
ing but constitute (nonperturbative) condensates. 
Demanding the agreement between the results of 
these two calculations, we obtain the following SR 
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that allows us to extract the introduced hadronic 
parameters — masses and decay constants in the 
case of the two-point SR — from the condensates 
(On)- On the other hand, the three-point SR [718] 
helps us to study hadronic form factors. 

The simplest condensate is the so-called quark 
condensate. Consider the vacuum expectation 
value of the T-product of two quark fields: 



'\T{qB{0)qAix))\0) 
)\ : qB{0)qA{x) : |0) - 



(1) 
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where A, B are Dirac indices. The second term 
here corresponds to the usual propagator due to 
the Wick theorem, while the first one is the quark 
condensate. From this equation one can see that 
the quark condensate is an additional nonpertur- 
bative contribution to the quark propagator. 

In perturbation theory the vacuum coincides 
with the ground state of the free-field theory; 
hence the expectation value of the normal prod- 
uct is zero. Therefore, there are no condensate 
terms in perturbation theory. However in the 
physical vacuum this is not the case. For this 
reason, in the standard QCD SR approach, the 
nonzero quark condensate (qq) = (gyi(O)g^(O)} 
appears. The value of this constant was defined 
through comparison with experimental data for 
the J/^- meson [B]. Assuming a small coordinate 
dependence, the quark condensate can be repre- 
sented by the first two terms of the Taylor expan- 
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•^Hereafter we write (On) = (0| : On ■ \ 0). 



where we kept the scalar and vector parts apart. 
Note that the condensates in this representation 
are local. 

2. Pion FF in the QCD SR approach 

Unfortunately, the local approximation ([2|) is 
not reasonable for studying form factors (FF) 
and distribution amplitudes, as it was stated 
in [9I10I11I12] . The reason is the unphysical be- 
havior of the local condensate ([2]) at large , en- 
tailing a constant scalar and a vector part that 
is even growing with the distance between the 
quarks x'^. As a result, the nonperturbative part 
of the OPE linearly increases with the momen- 
tum in the case of the FF (or with the mo- 
ment N in the case of the DA): (ci + Q^/M^), 
where ci is a dimensionless constant (not depend- 
ing on Q^) and is the Borel parameter. At 
the same time, the perturbative part decreases, 
while the nonperturbative one increases with Q^, 
hence generating an inconsistency of the SR at in- 
termediate and large Q^. Therefore, we can not 
rely upon the obtained SR for the pion FF for 
momentum values > 3 GeV^ |12j . 

In order to improve the dependence, 
one needs to modify the model of the quark- 
condensate behavior at large distances. Indeed, 
lattice simulations [13ll4j and instanton models 
[15116] indicate a decreasing of the scalar quark 
condensate with increasing interquark distance, 
thus confirming the approach of nonlocal conden- 
sates (NLC)s H]. To further improve the conden- 
sate contribution, one may calculate terms which 
contain higher-dimension operators of the form 
{q{0)D^qiO)), (g(0)(D2)2^(o)), etc., originating 
from the Taylor expansion of the original nonlo- 
cal condensate, i.e., (95(0)9^(1)). The resulting 
total condensate contribution decreases for large 
Q^. However, each term of the standard OPE has 
the structure (Q^/M^)", and one should, there- 
fore, resum them to get a meaningful result. The 
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main strategy of the NLC SR |9ll0lllj is to avoid 
the original Taylor expansion and deal directly 
with the NLCs by introducing model functions 
that describe the coordinate dependence of the 
condensates. 

In the NLC approach the bilocal quark- 
antiquark condensate has the following form (we 
use the Euclidean interval x"^ = —Xq — jP' < 0): 

(g-^(O)to(x)) = ^-M^ j^fs{a)e'^^''Ua (3) 

which, for the most general case, is param- 
eterized by the distribution functions fs{<^) 
and fv{oi), with Aq = 2asn{qq)^ /81. As 
usual in the QCD SR approach, the fixed- 
point (Fock-Schwinger) gauge x^A^{x) = is 
used. For this reason, all connectors C{x,0) = 
P exp[—igsjQ t'^A'Jj^{y)dy'^] = 1, are evaluated 
along a straight-line contour going from to 
X. The explicit form of these functions must 
be taken from a concrete model of the non- 
perturbative QCD vacuum derived either from 
the exact solution of QCD or by applying some 
approximation, e.g., a QCD simulation on the 
lattice or the employment of the instanton ap- 
proach. In the absence of information on the 
coordinate dependence of the quark conden- 
sate, it was proposed |9j to use the first non- 
trivial approximation which takes into account 
only the finite width of the spatial distribution 
of the vacuum quarks: /s(a) — (5(q! — A^/2). 
This generates a Gaussian form of the NLC in 
the coordinate representation: {qA{0)qAix)) = 
{qq)e~^^^ ^9/^. The Gaussian form leads to the 
following form of the condensate contributions to 
the FF: (ci + Q'^/M'^) e"'^^'^'^'/*^' , where c, are 
dimensionless constants (not depending on Q^). 
One can see that taking into account the nonlo- 
cahty of the condensates (A^ 7^ 0), enables us to 
obtain a decreasing behavior of the nonperturba- 
tive part of the FF at large Q"^ . 

The same techniques should be applied to 
deal also with the mixed quark-gluon conden- 
sate: {qB{Q){-gAl{y)t°-)qA{x)). There are two 
models for this condensate: the minimal and 



the improved one. The explicit form of these 
models can be found in 17 12J. The nonlocal 
gluon-condensate contribution produces a very 
complicated expression. But owing to its small- 
ness, we can model the nonlocality of the gluon- 
condensate in analogy to the quark case using an 
exponential factor [10|llj . viz., e~'^9'5^/*^'' . 
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Figure 1. Scaled pion form factor Q^F^riQ^) for 
the minimal NLC model (shown as a thick bro- 
ken line inside the shaded band delimited by the 
dashed lines which denote the uncertainty range). 
The improved NLC model is represented by a 
solid line inside the shaded band within the solid 
Hues (A^ = 0.4 GeV^). The short solid Une at 
low shows the result of the standard QCD SR 
with local condensates |7|8j . The dashed-dotted 
line denotes the estimate derived in ^ with Local 
Duality QCD SRs. The two broken vertical lines 
mark the region, where the influence of the par- 
ticular Gaussian model used to parameterize the 
QCD vacuum structure in the NLC QCD SRs is 
not so strong. 



The described NLC QCD SR approach pro- 
vides the basis of the theoretical framework for 
the calculation of the pion form factor proposed 
in our recent paper [12] . This method yields pre- 
dictions for the spacelike pion form factor (see 
Fig. [1]) that compare well with the experimental 
data of the Cornell [TB] (triangles) and the JLab 
Collaborations 19|] (diamonds) in the momentum 
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region currently accessible to experiment. These 
predictions cover also the range of momenta to 
be probed by the 12 GeV^ upgraded CEBAF ac- 
celerator at the Jefferson Lab in the near future. 
This planned high-precision measurement of the 
pion FF at JLab will certainly help to check the 
quality of the discussed NLC models. 

3. Conclusions 

We presented an analysis of the spacelike pion 
form factor using the SR in connection with two 
different models for the nonlocal condensate. The 
local condensates used in the pioneering stud- 
ies [7I8| lead to an unphysical increasing of the 
nonperturbative contribution to the pion form 
factor at large Q^, the reason being the unnatu- 
ral behavior of the local condensates ([2]) at large 
x^. This behavior restricts the region of the QCD 
SR applicability to < 3 GeV^. In contrast to 
the local condensates, the nonlocal ones decrease 
at large x'^, hence inducing the decay of the non- 
perturbative terms at large Q^. This makes the 
QCD SRs stable and enlarges the region of its ap- 
plicability towards momenta as high as 10 GeV^. 
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